Background: Endometrial regenerative cells (ERCs) is an attractive novel type of adult mesenchymal stem cells that can be non-invasively obtained from menstrual blood and are easily replicated at a large scale without tumorigenesis. We have previously reported that ERCs exhibit unique immunoregulatory properties in experimental studies in vitro and in vivo. In this study, the protective effects of ERCs on renal ischemia-reperfusion injury (IRI) were examined.
Background
Renal ischemia-reperfusion injury (IRI) is a major cause of clinical acute kidney injury (AKI), which is a frequent and serious problem in transplantation, renal surgery, renal diseases and trauma [1] . Vigorous research on IRI has been conducted, but the mortality rate of AKI remains high. There is no effective therapy available to treat renal IRI or ischemic AKI. Thus, new therapeutic approaches are desperately needed.
The underlying mechanisms of renal IRI are complex and multiple factors are involved. The pathophysiology of renal IRI includes initial cellular damage caused by ischemia, as well as delayed renal injury resulting from inflammatory and immune responses following reperfusion [2] . Numerous studies have demonstrated that renal IRI is an inflammatory disease, which is mediated by innate and adoptive immune responses [3] [4] [5] [6] . The activation and infiltration of neutrophils [5, 7] , macrophages [8] , T lymphocytes [9] , monocytes and inflammatory mediators are involved in modulating severity of injury in experimental models of renal IRI [10] [11] [12] [13] . Animal models have showed that inflammation begins as early as 30 min of reperfusion, and inhibition of the immune response activated by renal IRI dramatically improves renal function and histological integrity after ischemia [14] .
In the past few years, stem cell-based therapy as a promising alternative solution draws considerable attention for disease treatment. As a potential candidate for regenerative medicine, mesenchymal stem cells (MSCs) promote tissue repair [15] [16] [17] . In the meantime, MSCs have immunomodulatory, anti-inflammatory properties and are immune privileged [18] . These cells can modulate the function of immune cells by both cell-to-cell interaction and soluble factor secretion [19, 20] . MSCs can be obtained from different tissues including bone marrow and adipose tissue. However, the disadvantages of using these sources, such as the requirement of invasive access method and the cause of related complications, limited their clinical use and so on [21, 22] .
In 2007, Meng et al. discovered the endometrial regenerative cells (ERCs), a novel type of adult MSCs, which satisfy the traits of MSCs but overcome the disadvantages of other conventional sources and the fear of karyotypic abnormalities during culture and possibility of oncogenesis [22] . We and others have reported that ERCs effectively prevent critical limb ischemia [21] , attenuate ulcerative colitis [23] , stroke [24] and burn injury [25] in mouse models. Also, it has been found that these human cells were not rejected in a xenogeneic animal model [21] . However, whether ERCs could be feasible to simultaneously suppress inflammatory and immune responses, and repair the damaged tissue following IRI remains unclear. Thus, the aim of this study was to explore the potential role of ERC therapy in prevention of renal IRI.
Methods

Preparation of ERCs for in vivo treatment
ERCs were collected from menstrual blood of women (20-40 years old) after informed consent was obtained. Five milliliters of menstrual blood were collected by urine cup-tubing method in an antibiotic containing solution. Mononuclear cells were separated by standard Ficoll method, and the resultant samples were suspended in Dulbecco's modified Eagle's medium (DMEM) high glucose supplemented with 10 % fetal bovine serum (FBS), and split into two 10 cm dishes. After overnight incubation, cultured cells revealed marginal adherence to the tissue culture flask. Cells were cultured with media changing twice a week. At the completion of 2 week culture, an outgrowth of adherent cells with a fibroblast-like morphology was observed [22] . The estimated adherent cell number at the start of culture was approximately 1 × 10 7 [26] .
Animals
Eight-week-old male C57BL/6 mice (Aoyide Co., Tianjin, China) weighing 20-25 g were housed under conventional experimental environment with 12 h lightdark cycle in the Animal Care Facility of Tianjin General Surgery Institute. The mice had a free access to commercial standard mouse diet and water. All experiments were conducted in accordance with the protocols approved by the Animal Care and Use Committee of Tianjin Medical University (China) according to the Chinese Council on Animal Care guidelines.
Experimental groups
The experiment was conducted following the protocol described previously [27] . In brief, to test the efficacy of ERCs in attenuation of kidney IRI, C57BL/6 mice were randomly assigned to three groups (n = 6 per group): (1) sham control group, mice were operated by opening and closing the abdomen, without clipping the renal pedicles; (2) untreated IRI group, through a middle abdomen incision, bilateral renal pedicles were clipped for 30 min, then released [27] ; and (3) ERC-treated IRI group, 1 × 10 6 ERCs were intravenously injected 2 h before clipping bilateral renal pedicles [28] . After reperfusion was confirmed, the abdomen was closed in two layers using standard 6-0 sutures. Mice were maintained by continuous monitoring using a temperature-controlled self-regulated heating system after the completion of surgery. To maintain body fluid balance, 1 mL of warm saline was administered intraperitoneally immediately after operation. The mice were sacrificed 48 h after reperfusion for IRI assessment.
Assessment of renal function
Serum levels of both blood urea nitrogen (BUN) and creatinine (Cr) were measured when the mice were sacrificed 48 h after renal reperfusion using multichannel analyzer in the Tianjin Medical University General Hospital (Tianjin, China) for assessing the renal function.
Histological examination
Kidney tissues from each mouse in each group were fixed by 10 % buffered formalin, and embedded in paraffin. Paraffin sections of kidneys (5 μm) stained with Hematoxylin and eosin (H&E) were used for morphology analysis under light microscopy. A semi-quantitative score of tubular damage including cellular necrosis, loss of brush border, cast formation, vacuolization, and tubule dilation were counted as follows: 0, none; 1, <10 %; 2, 11-25 %; 3, 26-45 %; 4, 46-75 %; and 5, >76 % [29] .
Immunohistochemistry
To quantitate the cell infiltration, sections were stained with antibodies (Abcam, http://www.abcam.com/). We performed immunohistochemical staining by using anti-CD3 and anti-Ly6G antibodies for detecting intrarenal cellular infiltration of T cells and neutrophils, respectively. The primary antibody was at a dilution of 1:100. Negative control sections, only stained with secondary antibodies but without primary antibodies, were performed to assess the non-specific staining. The specimens were stained according to the instructions of Strept Avidin-Biotin Complex (SABC) kit. Stained sections were photographed using an Olympus inverted microscope (Olympus Imaging America, Center Valley, PA).
Flow cytometric analysis
Phenotypic analysis of various immune cells was performed using a flow cytometry with staining with antibodies against CD4, CD8, CD25, F4/80 or CD206 (eBiosciences, http://www.ebioscience.com/), according to the manufacturer's instructions. The percentage of each phenotype of immune cells was analyzed with the corresponding Flowjo software.
ELISA
The levels of TNF-α, IFN-γ, IL-6 or IL-4 in the serum samples taken from mice 48 h after IRI were measured using an ELISA Kit (Biolgend, http://www.biolegend. com/) according to the manufacturer's instructions.
Statistical analysis
Statistical analysis was performed in SPSS version 17.0 software (SPSS Inc., Chicago, USA) and the experimental data were presented as mean ± standard derivation (SD). The data obtained from sham control group, untreated IRI group and ERC-treated IRI group were compared using one-way analysis of variance (ANOVA) to study the effects of ERC treatment on the renal function, histological scores, cell populations and cytokine profiles for repeated measurements. The case number for each experiment is specified in the corresponding figure. p value (p) < 0.05 was considered statistically significant.
Results
ERCs protected renal function in mice with renal IRI
To determine whether the pre-treatment with ERCs could attenuate renal IRI, we subjected mice to bilateral kidney IRI for 30 min. Then the serum BUN and Cr levels were measured after 48 h of induction of IRI. We found that BUN (Fig. 1a) and Cr ( Fig. 1b ) levels were markedly reduced by ERC treatment compared with those of untreated mice after IRI (p < 0.05), although the levels of BUN and Cr were slightly higher than those of mice in sham control group (p < 0.05).
Treatment with ERCs ameliorated renal pathological damages induced by IRI
H&E staining was performed to assess the renal pathological changes. Representative kidney sections and the renal damage score were shown in Fig. 2 . It was found that untreated IRI mice displayed severe tubular damage 48 h after renal IRI, characterized by widespread tubular necrosis, loss of brush border, cast formation, tubular dilatation, expansion of Bowman's capsule and interstitial edema (Fig. 2a, IRI-untreated) . In contrast, the kidneys in ERC-treated mice showed normal histology (Fig. 2a , ERC-treated) at the same time point, which was indistinguishable from that of sham control mice (Fig. 2a,  sham) . In addition, the histopathological damage scores in ERC-treated group were significantly lower than those of untreated IRI group (p < 0.05), which were comparable to those of sham control group (Fig. 2b) .
ERCs suppressed intra-renal infiltration of neutrophils and T cells after renal IRI
As shown in Fig. 3 , neutrophil and CD3 + T cell infiltrations were markedly increased in untreated IRI group as compared with those of sham control group and ERCtreated group. It was suggested that administration of ERCs suppressed neutrophil and CD3 + T cell infiltration. As a result, histological injury of kidney was attenuated. Moreover, loss of the brush border, cast formation and tubular dilatation in kidneys were also significantly suppressed in ERC-treated mice.
Infused ERCs increased the percentage of CD4
+ CD25 + T
cells in the spleen
The underlying mechanisms of renal IRI are complex, including activation and progression of immune response. Regulatory T cells (Tregs), playing a critical role in suppression of both adaptive and innate immune responses, have been shown to attenuate renal IRI [28, 30] . In this study, we detected and compared splenic Treg population in different groups. There was no significant difference in the number of Tregs between untreated IRI group and sham control group. In contrast, CD4
Treg population was significantly increased by ERC treatment in mice with renal IRI (p < 0.05, vs. untreated IRI group and sham control group), indicating the protective role of Tregs in ERC-mediated kidney protection (Fig. 4) .
ERCs decreased the percentages of CD4 + and CD8 + T cells in the spleen and kidney after renal IRI
To determine the relationship between the changes of T cell population and ERC-mediated renal protection, we investigated the infiltration of CD4 + and CD8 + T cells in both spleen (Fig. 5a) and kidney (Fig. 5b) by flow cytometry. The percentages of CD4 + and CD8 + T cells were significantly decreased in ERC-treated group compared with those of untreated IRI group in both spleen and kidney (Fig. 5c , p < 0.01), which were, in fact, comparable to the control levels in sham control group.
ERCs suppressed the percentage of total macrophages, but increased M2 macrophages in the kidneys with attenuated IRI
To determine whether the macrophage profile was associated with ERC-mediated attenuation of IRI, we measured total macrophage stained by anti-F4/80 mAb, and M2 macrophages stained by anti-F4/80 and CD206 mAbs by flow cytometry. We found that ERCs effectively suppressed the percentage of total macrophages compared with those of untreated IRI group (p < 0.05), even though slightly higher than those of mice in sham control group (p < 0.05) (Fig. 6a) . Interestingly, M2 macrophage population was significantly increased in ERC-treated mice compared to that of untreated IRI mice (p < 0.05). In fact, the percentage of M2 macrophages was undistinguishable between mice in sham control group and ERC-treated IRI group (Fig. 6b) .
ERCs attenuated kidney IRI by regulating cytokine expression
The serum levels of pro-inflammatory and anti-inflammatory cytokines were analyzed and compared among different groups. As shown in Fig. 7 , the serum levels of pro-inflammatory cytokines (TNF-α, IFN-γ and IL-6) were markedly increased in untreated IRI group, whereas ERC treatment significantly reduced the pro-inflammatory cytokine levels in the sera (p < 0.05, ERC-treated group vs. untreated group), even though slightly higher than the baseline serum levels in sham control group (p < 0.05). Meanwhile, treatment with ERCs increased the level of the anti-inflammatory cytokine IL-4 in the sera (p < 0.05), which was even higher than that in sham control mice (p < 0.05). These data suggest that ERCs not only suppress the expression of pro-inflammatory cytokines, but also enhance the level of anti-inflammatory cytokines.
Discussion
As we all know, cell therapy has been reported to be an effective method in the treatment of some diseases. ERCs are an attractive novel type of adult MSCs, which can be obtained from menstrual blood. In the current study, we focused on their anti-inflammatory and immunomodulatory properties in attenuation of renal IRI. So we intravenously injected ERCs into mice suffering from renal IRI, an experimental model of ischemic AKI. We have highlighted several findings in this study. First, intravenously injected ERCs decreased intra-renal CD3 + T cell and neutrophil infiltration; second, ERCs increased the percentage of splenic Tregs in mice with attenuated renal damage; third, ERCs decreased CD4 + and CD8 + T cell population in both spleen and kidney; fourth, ERCs down-regulated the percentage of total macrophages, but increased M2 macrophages; finally, injected ERCs suppressed pro-inflammatory cytokines and enhanced anti-inflammatory cytokine expression in mice with ameliorated renal function. To exclude if the therapeutic potential of ERCs is only mediated by cellular component, peripheral blood monocytes were also used as the cell treatment control. As expected, no therapeutic effects were observed according to the assessment of renal function and pathological study (data not shown).
ERCs, an attractive novel type of adult MSCs isolated from menstrual blood, were capable of differentiating into 9 lineages [22] . As we all know, MSCs are a group of self-renewing, pluripotent stromal cells derived from tissues such as bone marrow [31] , cord blood [32] , adipose tissue [33] and amniotic fluid [34] , and have been demonstrated that they could promote tissue repair and possess immunomodulatory and anti-inflammatory properties. ERCs express CD9, CD13, CD14, CD29, CD44, CD73, CD90, CD105, CD117, CD133, CD146 [35] , but not STRO-1, CD31 (endothelial) and CD34 (haemopoietic stem cell and endothelial) [36] . The human endometrium has unique immunological requirements in nature. For example, in pregnancy, the endometrium must tolerate invading embryo, which expresses both paternal and maternal antigens. A study demonstrated that endometrial MSCs were able to suppress neural inflammation in a mouse model of multiple sclerosis [37] . MSCs have been demonstrated to inhibit ongoing mixed lymphocyte reaction (MLR) [38] , induce generation of regulatory T cells [39] , and in vivo suppress autoimmunity such as collagen induced arthritis [40] . But the application of these cell types is limited by availability, invasiveness of extraction and in some cases by proliferative capacity [22] . ERCs are a new type of MSCs, which have some advantages compared with many conventional sources of MSCs. ERCs can be easily expanded and used for females as a non-invasively obtained and ethically appropriate autologous stem cell alternative [22] . We previously reported the role of ERCs in limb ischemia injury [21] , UC [23] and recently in prevention of transplant rejection (unpublished data). However the role of ERCs in attenuation of IRI in kidney has not been tested.
The underlying mechanisms of renal IRI are complex, including activation and progression of the immune response [41] . Tregs play a critical role in suppression of both innate and adaptive immune responses [30] . CD4 +
CD25
+ Tregs account for 5-10 % of the CD4 + T cell panel in healthy human and mice, which are sufficient to play an important role in the maintenance of immune homeostasis and the limitation of autoimmune disease [42] . In several studies, the investigators used PC61, an anti-CD25 monoclonal antibody to deplete Tregs before renal ischemia to confirm the protective effect of the Tregs; depletion of Tregs leads to deterioration of the renal IRI compared to those of mice that only suffered from renal IRI and had no other treatment [28, 43, 44] . In another study, the researchers used depletion and adoptive transfer strategy to determine the function of Tregs in the renal IRI model. Administration of anti-CD25 mAb significantly decreased the number of splenic Tregs [28, 45] . In addition, they observed that the adoptive transfer of Tregs back into Treg-depleted mice partially restored the protective effect of ischemic preconditioning [46] [47] [48] . Finally, partial depletion and adoptive transfer of Tregs partially mitigated or restored the renal injury [43, 49] . Blocking Tregs worsens AKI and infusion of Tregs protects organs against AKI induced by IRI [46, 50] and cisplatin [51] , respectively. Collectively, these data suggested that Treg induction was one of the underlying mechanisms against renal IRI. In current study, we did not find statistically significant difference in the percentage of Tregs between sham control group and untreated IRI group, but observed that Tregs were significantly increased by ERC treatment, even higher than that of sham control group. Thus, it indicated that ERC could increase Tregs which may be related to the suppression of immune response and inflammatory reaction. As a result, intravenous injection of ERCs attenuated renal damage induced by IRI.
To investigate the effects of ERCs on different T lymphocyte subsets, we have also measured the levels of CD4 + and CD8 + T cells in different groups. Some studies have reported the effects of CD4 + and CD8 + T cells in renal IRI. In renal IRI, CD4 and CD8 double knockout mice demonstrated significant functional protection [52] . A more direct proof of the role of T cells in IRI has been demonstrated in a mouse liver injury model that a marked protection of liver function was found in T celldeficient athymic mice [53] . T cell-deficient mice could attenuate renal IRI, and T cell adoptive transfer into these mice restored the injury. Again CD4 knockout mice showed marked protection from renal IRI compared with wild-type mice and adoptive transfer of wild-type CD4 + cells into these CD4 knockout mice resulted in a worsening injury [9] . In current study, as compared with untreated IRI group, CD4
+ and CD8 + T cells were significantly reduced after ERC treatment, indicating that ERCs may reduce T cell accumulation. The results suggested that ERCs may have regulatory functions on the cell populations of splenic CD4 + and CD8 + T cells. All the studies have demonstrated the critical role of CD4 + and CD8
+ T cells in renal IRI. Macrophages, belonging to the mononuclear phagocyte system, are potent immune regulators which play an important role in tissue homeostasis and remodeling [4, [54] [55] [56] . It has been reported that ablation of macrophages by some different strategies 48-72 h after IRI could inhibit tubular repair and enhance injury [57] [58] [59] . In another study, adoptive transfer of resting RAW 264.7 macrophages (a mouse leukemic monocyte cell line) in macrophage-depleted mice after IRI could attenuate ischemic AKI and promote kidney repair [53, 60] . Meanwhile, macrophage-cell-based therapy can limit tubular injury and promote renal repair [61] . Accordingly, macrophages show different functions and phenotypes in response to local metabolic and immune microenvironment [62] . In general, there are two broad but distinct subsets of macrophages that are categorized as either classically activated (M1) or alternatively activated (M2) [63, 64] . Recent studies have demonstrated that macrophages are key cells in both the initiation and resolution of renal injury [65] [66] [67] . In current study, ERC treatment induced the subset of M2 cells, which may play an important role in attenuation of renal IRI. This is consistent with previous finding that protection of the kidney against ischemiareperfusion injury and suppression of inflammation could be mediated by inducing M2 polarization [66] , as well as the HO-1 expression promotes a "regulatory" M2 phenotype with the large augmentation in IL-10 production [68] . Several studies also have found that the different macrophage subset populations can be recruited and/or activated during different phases of ischemic injury and repair [56, 59, 69] . However, the mechanism of phenotype switching from pro-inflammatory to anti-inflammatory state is not fully understood in damaged kidney caused by IRI. Further studies to dissect these issues are warranted.
In this study, we have also assessed renal inflammatory cytokines 48 h after renal IRI. It is well known that inflammation is induced by IRI, typically occurs in the absence of microorganisms, and has been termed as sterile inflammation [70] . Similar to the response to invading pathogens, the sterile inflammation induced by IRI can also lead to the marked recruitment of neutrophils and the production of cytokines [70] . Neutrophils and macrophages were the initial infiltrates in the injury phase of renal IRI. Similarly, based on our data, IRI also increased the influx of macrophages and neutrophils, but ERCs reduced the influx of those cells during the postischemic period. On the other hand, cytokines may play important roles in IRI. Although there is extensive literature regarding the function of cytokines in post-ischemic tissue injury, we only focused on TNF-α, IFN-γ, IL-6 and IL-4 in this study. As assessed by ELISA, the pro-inflammatory cytokines, such as TNF-α, IFN-γ and IL-6, were obviously higher in the untreated IRI group than those of sham group. Once released, they bind with specific receptors to induce the expression of chemokines. These activities promote the recruitment and activation of neutrophils in post-ischemic tissues. Finally, they affected the outcome of the renal IRI.
Concerning the source of ERCs, it has been found that endometrial MSCs' perivascular location in both the basal and functional layers, indicating that they will be shed each month during menstruation [71] . To date, the source of endometrial MSCs is not yet clear. It is claimed that endometrial MSCs originate from resident stem/ progenitor cells. A further study of the specific characterization of ERCs and the mechanisms of ERC-mediated protection in IRI is still underway.
Conclusions
Our data suggest that ERC treatment is able to protect kidneys against IRI, by significantly decreasing histological damage,inflammatory infiltration, pro-inflammatory cytokine expression, as well as up-regulating Tregs, M2 macrophages and anti-inflammatory cytokines. Therefore, ERCs might provide a novel and potent therapeutic option to prevent renal IRI. The clinical availability of ERCs might further facilitate rapid clinical translation of the present findings in this study.
